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Abstract 
Titanium is an ideal material for orthopaedic and dental implants, and hence a significant 
amount of research has been focused towards augmenting the therapeutic efficacy of titanium 
surfaces. More recently the focus has shifted to nano-engineered implants fabricated via 
anodization to generate self-ordered nanotubular structures composed of titania (TiO2). These 
structures (titania nanotubes/TNTs) enable local drug delivery and tailorable cellular 
modulation towards achieving desirable effects like enhanced osseointegration and 
antibacterial action. However, the mechanical stability of such modifications is often ignored 
and remains underexplored, and any delamination or breakage in the TNTs modification can 
initiate toxicity and lead to severe immuno-inflammatory reactions. This review details and 
critically evaluates the progress made in relation to this aspect of TNT based implants, with a 
focus on understanding the interface between TNTs and the implant surface, treatments to 
augment the mechanical stability and the advanced mechanical testing within the bone micro-
environment ex vivo and in vivo. This review article extends the existing knowledge in this 
domain of TNTs implant technology and will enable improved understanding of the underlying 
parameters that contribute towards mechanically robust nano-engineered implants that can 
withstand the implant surgical placement and the load bearing forces experienced at the 
bone/implant interface. 
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1. Introduction  
Titanium and its alloys are clinically preferred biomaterials for bone implants due to their 
superior biocompatibility and corrosion resistance [1]. Titanium (Ti) has been extensively 
used for manufacturing hard tissue implants to replace and/or correct missing or diseased 
tissues in clinical applications such as total joint replacements, fracture fixation (plates, 
nails or screws) and dental implants. It is reported that over 327,000 hip replacements were 
performed in 2009 in the United States alone, and the orthopaedic implant market is 
estimated at $33 billion with projected increases of 7.1% per year [2, 3]. Notwithstanding 
relatively high success rates, around 4.1%~7% implants face challenges mainly due to 
excessive inflammation, poor osseointegration and bacterial infection, which can result in 
complete implant failure requiring revision surgery [4, 5]. These challenges may be 
addressed by augmenting the bioactivity of Ti based implants via surface modification. 
This can be achieved by altering the surface topography in the macro, micro and nanoscales 
[6]. 
Macroscale (millimetres to micrometres) directly relates to implant geometry, with 
threaded screws and macro-porous surfaces being commonly utilized in the clinic. Reports 
have demonstrated that macro-roughness features lead to an increase both in early bone 
apposition and implant fixation by improving mechanical interlocking between the macro-
rough features and surrounding bone [7, 8]. However, the direct bone-implant contact can 
be maximized by micro-roughness (1–10 micrometres), which can be produced by 
sandblasting, acid etching, plasma spraying and other surface modification techniques [9]. 
Furthermore it has been theoretically calculated that the ideal implant surface features at 
the micro-scale should be 1.5 μm long and 3-5 m wide [10, 11]. Despite numerous studies 
demonstrating that micro-roughness augment bone-to-implant contact and torque removal 
resistance [12, 13], it is noteworthy that the initial fate of host tissues and cells is not directly 
affected by microscale surface roughness [14]. Rather, biomolecular interactions, protein 
adsorption and bone cell behaviour can be influenced by nanostructures (1-100 nm) [15-
17]. In this context, nanoscale topography has been regarded as a promising surface 
modification strategy for Ti based implants [18].  
 Recently, nanoscale features (TiO2 nanopores or nanotubes) generated by self-ordering 
electrochemical anodization (EA) technique, have drawn considerable attention as a means 
of improving the bioactivity and therapeutic potential of conventional Ti implants [19]. EA 
enables cost-effective fabrication of well-ordered titania nanotubes (TNTs) on titanium 
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surfaces with great control over TNTs characteristics, achievable by varying the 
anodization parameters [20]. The influence of TNTs on cellular functions (mesenchymal 
stem cells, hematopoietic stem cells, endothelial cells, osteoblasts, and osteoclasts) 
including adhesion, proliferation and differentiation has been extensively investigated in 
the context of bone/dental implant applications [21]. A critical finding is that nanotube 
dimensions and other characteristics (wettability, crystal structure, loading of 
drugs/proteins, etc.) significantly dictates cell functionality [22]. Furthermore, due to the 
geometry of TNTs (resembling tiny test tubes, open at top, closed at bottom), they can act 
as a drug reservoir for the local delivery of drugs (antibiotics, proteins, anti-inflammatory 
or anti-cancer drugs) directly inside the implant micro-environment, with the ultimate aim 
of improving the therapeutic efficacy of conventional implants [23, 24].  
 Despite significant advancements achieved in the domain of TNTs modified implants, 
many research gaps are challenging the successful translation of TNTs from research to 
clinical testing and integration into the commercial implant market. For example, the 
critical issue of the mechanical properties and stability of TNTs remains underexplored. 
The mechanical characteristics of a titanium implant and its therapeutic extensions such as 
TNTs, including elastic modulus, hardness and fracture strength, play a decisive role in its 
long-term success, especially in bone/dental implant scenarios requiring surgical placement 
and survival in load bearing conditions. Indeed, in the presence of cracks and delamination 
due to mechanical stress and abrasion, severe host immune-inflammatory reactions may 
occur, which can lead to complete implant failure. Highlighting this research gap, in this 
review article we elaborate on the underlying factors determining the mechanical stability 
of TNTs based anodized Ti implants (Fig. 1). This review article details the in-depth 
understanding of the interface between TNTs and the Ti implant substrate, identifying 
issues that may affect mechanical stability and integrity. Furthermore, it incorporates a 
critical discussion of the various strategies used to augment mechanical stability, as well as 
implantation studies performed ex vivo and in vivo highlighting the survival of TNTs based 
implants.  
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Figure 1 Schematic representation of the parameters influencing the mechanical stability 
of titania nanotubes (TNTs) fabricated via electrochemical anodization. 
 
2. Understanding the Interface between Nanotubes and Titanium Substrate 
In 1999, pioneering work by Zwilling et al. reported the fabrication of self-organized 
TNTs on Ti via EA in HF based electrolytes [25]. This first generation of TNTs could be 
fabricated up to a limited length of around 500nm, with considerable sidewall 
inhomogeneity [26]. Future research focused on generating TNTs with lengths up to 
several micrometers and extremely smooth homogenous sidewalls by varying the pH 
values, anodizing voltage/time and introducing organic electrolytes [27-29]. However, for 
the orthopaedic/dental implant setting, which is continuously under load bearing, the 
stable adhesion of bioactive or drug incorporated TNTs to the underlying Ti implant 
substrate is essential to ensure long term success in what is often compromised bone 
micro-environment. This section of the review will provide an overview of the fabrication 
mechanisms and critical factors affecting TNTs geometry and composition for an 
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improved understanding of the factors that may influence the mechanical stability and the 
interface between nanotubes and the implant substrate (Fig. 1). 
 
2.1 Mechanism of Electrochemical Anodization of Ti 
Briefly, EA is performed by exposing a two-electrode system to DC voltage in an appropriate 
fluoride-based electrolyte, with Ti as the anode and platinum/Ti as the cathode. Under 
optimized conditions, the as-fabricated TNTs are vertically oriented on the Ti surface and 
homogeneously ordered with a closed bottom and open top (Fig. 1). The growth mechanism of 
self-ordered TNTs is the result of three simultaneous reactions, which can also be related to 
different regions observed in the current–time curves as shown in Fig. 2(a). The formation of 
TNTs is schematically depicted in Fig. 2(b). The anodization process starts when Ti is oxidized 
to Ti4+ [equation (i)] to form a compact TiO2 layer [equation (ii)] accompanied by the transport 
of Ti4+ ions outward and O2− ions inward with the assistance of an electric field. 
(i) Ti  Ti4+ + 4e- 
(ii) Ti + 2H2O  TiO2 + 4H+ + 4e- 
Anodic oxidation processes typically follow equation (iii), where U is the applied voltage and 
d represents the thickness of the oxide. That is, the field keeps on decreasing with the increase 
in film thickness until it is not sufficient to promote ion transport and the finite film thickness 
forms. 
(iii) F=U/d 
The presence of fluoride ions can significantly influence the anodization process [20]. 
On one hand, fluoride ions chemically dissolve TiO2 or directly react with Ti
4+ arriving at the 
oxide–electrolyte interface to form water-soluble [TiF6]2- complexes [equations (iv), (v)]. The 
ability to form these soluble complexes results in the permanent chemical dissolution of 
compact TiO2, thereby leading to the transformation of the compact layer to hollow porous and 
tubular structures. On the other hand, the small ionic size makes fluoride ions easier than O2- 
to get through the TiO2 layer, thus forming an approximately 15 nm thick fluoride-rich layer at 
the metal-oxide interface [28]. This layer is very important to nanotube growth and 
significantly influences the adherence of TNTs to the Ti substrate, which will be discussed in 
section 2.2. 
(iv) TiO2 + 6HF   [TiF6]2- + 2H2O +2H+ 
(v) Ti4+ + 6F-  [TiF6]2- 
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According to the typical current-time curve for self-organized TNTs in aqueous electrolyte 
with intermediate fluoride concentrations (0.1–1 wt %), the EA process can be divided into 
three stages [20, 29]. In the first stage, the current initiates exponential decay due to the 
formation of a compact oxide barrier layer. In stage two, random nanopores start to grow which 
increases the active area, and thereby the current rises. In stage three, the current density 
reaches a steady level which promotes the self-organization of TNTs. The tubes grow 
continually with time until the etching rate at the top of the tube is equivalent to the formation 
rate at the bottom, as depicted in Fig. 2(c) [30]. It is noteworthy that the TNTs morphology 
turns into a v-shape with extended anodization time since chemical dissolution occurs at the 
entire tube length, which means that the walls of the nanotube tops are significantly thinner 
than the bottoms [31]. In the following sections we will have a look at the various EA 
parameters that can contribute towards the fabrication of robust TNT structures. 
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Figure 2 Mechanism of electrochemical anodization of Ti to fabricate titania nanotubes 
(TNTs). (a) Typical current–time characteristics in fluoride containing electrolytes 
compared with fluoride-free solution, (b) schematic depiction of the formation of TNTs, 
and (c) steady state growth stage: TNTs dissolution rate (v1) = formation rate (v2). 
Reproduced with permission from [29], © Elsevier 2007. 
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2.2 Composition of Anodization Electrolyte 
To understand the interface between TNTs and Ti, visualization of the bottom of nanotubes 
at the point of attachment to the Ti substrate is crucial, which can be obtained by imaging 
the fractured/peeled-off anodized films (TNTs), easily achievable by mechanical, physical 
or chemical methods. This closed and domelike bottom of the TNTs is a thin titania layer 
separating the TNTs from Ti, and is defined as the barrier layer (BL), which commonly 
existed in nanoporous alumina [32]. Owing to the rounded BL, surface dimples are 
encountered on the metallic surface, giving it a nano-templated topography. Electrolyte 
composition, including water content and fluoride concentration, play an important role in 
controlling the geometrical parameters of the TNTs, including the BL-Ti interface [33]. 
The water content of the electrolyte (supplying oxygen for the oxidation of Ti) 
significantly affects both the growth rate and the chemical dissolution speed of TNTs. 
According to equation (ii); field-enhanced oxidation occurs at the BL-Ti interface, where 
the oxygen ions (O2-) from the electrolyte combine with Ti4+ to form TiO2 along the 
direction of the nanotube growth [34]. Valota et al. have shown that the addition of water 
to fluoride/glycerol electrolytes results in a thicker barrier layer, while also enhancing the 
expansion factor, which induces the volume difference and stress between the TNTs layer 
and the Ti substrate [35, 36]. The expansion factor is determined by the volume ratio of 
oxide to the consumed metal and is called the Pilling–Bedworth ratio (PBR) [37]. Slightly 
increasing the water content (for systems with water >2%) in organic electrolyte accelerates 
the dissolution rate of the nanotubes, which in turn can result in decreased nanotube length 
and increased diameters [38-40]. The most striking characteristic of TNTs formed in 
aqueous electrolyte is the ripple on the sidewall, and this ring-like structure is occasionally 
seen in organic electrolytes with low water content (<2.5%) [29, 36]. Occurrence of ripples 
on the TNT sidewall is the result of competition between the tube growth rate at the bottom 
and the tube splitting speed at the cell boundaries [41]. Thus, in organic electrolyte systems 
with limited water content, where the chemical dissolution rate is further decreased by 
anodization, the nanotubes can be longer and smoother. Furthermore, in long-duration 
anodization etching of TNT tops becomes apparent, which results in needle-like or grass-
like inhomogeneous structures (collapsed and bundled tops), which may compromise the 
overall stability of the structures. Because this so-called ‘nanograss’ often aggregates 
during drying to resist capillary actions, it enhances internal stress in the oxide layer and 
generates an upward force at the nanotube bottom, thereby decreasing the bond strength 
between TNTs and the metal substrate [42]. 
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As previously mentioned, fluoride ions in the electrolyte strongly influence the 
anodization process by chemically dissolving TiO2 and binding ejected Ti
4+ at the 
oxide/electrolyte interface. It is noteworthy that as the result of their fast migration rate [33], 
fluorides accumulate at the nanotube bottoms and cell boundaries in the form of soluble 
fluoride species (Ti-O-F or Ti-F complexes) to form an additional fluoride-rich interface 
layer separating the barrier layer and the Ti substrate during the growth phase of TNTs [29], 
which has been demonstrated by X-ray photoelectron spectroscopy sputter profiles from 
the bottom side of lifted-off TNTs as seen in Fig. 3(a) [28, 43]. Shimizu et al. demonstrated 
that the existence of the soluble fluoride-rich layer underneath the nanotube bottoms 
resulted in poor adhesion of the resultant anodic films [44]. Thus, eventual detachment of 
the anodic film from the substrate can be observed [45]. After lifting off TNTs, the majority 
of the remnant flakes of the fluoride-rich layer are visible on the dimples of the Ti substrate, 
as shown in Fig. 3(b) [28]. Therefore, methods involving an additional fluoride 
sedimentation procedure in EA [46], or annealing to reduce fluoride content in the overall 
nanotube layer are aimed at enhancing the adhesion strengths of the TNT films [47]. The 
fluoride-rich layer is a key reason for the transition of porous structures to nanotubes as the 
formed layer at the bottom of the nanotubes can move to cell boundaries by a flow 
mechanism, which is prone to chemical dissolution. This process is schematically depicted 
in Fig. 3(c) [43]. 
 
Figure 3 Presence of fluoride-rich barrier layer at the interface of titania nanotubes (TNTs) 
and the underlying substrate: (a) XPS (X-ray photoelectron spectroscopy) depth profile from 
the barrier layer of detached TNTs confirming the existence of a fluoride-rich interface layer 
(reproduced with permission from [28], © WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 2008), (b) SEM images showing the remaining flakes of fluoride-rich layer both on 
the bottom of the removed TNTs and at the Ti substrate (reproduced with permission from 
[28], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2008). (c) Schematics of 
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nanotube formation in the presence of fluoride in the electrolyte (reproduced with permission 
from [43], © Elsevier 2011). 
 
2.3 Aging of Electrolyte 
Electrolyte optimization influences the quality and morphology of anodized films, and 
interestingly aging of organic electrolytes is often used in practice to fabricate highly 
ordered TNTs, but remains underexplored to date. Aging of electrolyte is the repeated 
anodization of dummy titanium prior to the fabrication of TNTs on the target substrate. 
Only a few studies have reported titanium anodization in aged electrolytes, using fluoride 
containing organic electrolytes with dimethyl sulfoxide (DMSO) [40] and ethylene glycol 
or glycerol [42, 48-51]. With regard to the effects of previously used electrolyte on TNT 
dimensions, it has been reported that the previously used DMSO-based electrolyte 
decreased the length and diameter of TNTs while thickening the tube walls [40]. But in the 
aged low water content (<2.0%) ethylene glycol based electrolyte, the length, pore diameter 
and wall thickness of TNTs were higher relative to those in fresh electrolyte, which may 
be ascribed to the anhydrous nature of ethylene glycol [42]. However, these studies all 
demonstrated a greatly improved adhesion between TNTs and the underlying Ti substrate. 
In this section, the effect of electrolyte ageing on the growth rate of TNTs, formation of 
barrier layer and growth-induced internal stress such as PBR are discussed in detail with 
focus on the integrity and adherence strength of the TNT film. 
It is noteworthy that most studies ignore the hygroscopic nature of the ethylene 
glycol based electrolyte which may explain the conflicting results obtained with respect to 
conductivity and growth rates of nanotubes upon ageing of the electrolyte [51]. More 
recently we have optimized the ageing of the electrolyte in an enclosed electrochemical 
cell, thereby avoiding any chance of moisture incorporation inside the electrolyte [51].  
Repeated anodization or ageing of the electrolyte continuously alters its chemical 
composition, leading to an increase in [TiF6]
2- content, while the oxygen bearing anionic 
species are gradually depleted, which further reduces electrolyte conductivity [49]. 
Meanwhile the formation/dissolution rate of oxide is also hindered [equations (ii) and (iv)], 
thereby impeding the growth rates of TNT formation [52]. Thus it is reasonable to infer 
that a thicker oxide BL at the base of nanotubes is formed under these conditions. 
Comparing with fresh electrolyte, the time to reach the anodization equilibrium phase (with 
the low and stable value of current density, denoted as teq) is delayed for aged electrolyte 
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due to reduced conductivity, which was confirmed by current-time monitoring and 
electrolyte conductivity measurements [49, 51]. Furthermore, applied anodization voltage 
is the sum of PD at the metal-oxide interface, across the oxide, oxide-electrolyte interface, 
and across the electrolyte. Assuming that changes of PD at the interfaces are negligible, PD 
across the electrolyte increases as the consequence of conductivity reduction, which means 
a decrease in the PD across the oxide layer [42]. This, in turn, reduces the formation of 
[TiF6]
2− complexes and hence causes delayed teq. This can also be linked to the formation 
of a thicker BL. In these regard, lower growth rates combined with reduced conductivity 
can result in a thicker compact BL layer representing better contact between the resulting 
nanotubes and the underlying substrate, and thereby improving the stability of the 
nanotubes. Changes of electrolyte features and characteristics of as-anodized TNTs in fresh 
and aged electrolytes are shown in Fig. 4. Furthermore, internal stress develops along with 
anodic oxidation due to the volume increase of oxide (PBR) [50]. The magnitude of this 
growth-induced compressive stress depends on the actual fraction of oxide formed at the 
metal/oxide interface, and the high stress may yield fragile anodic layers [53]. The 
decreased growth rate of aged electrolyte can reduce the compressive internal stress at the 
barrier layer-metal substrate interface, thereby yielding stable and well-adherent TNTs. To 
summarize, with the use of aged electrolyte, a thicker BL with a more compact structure 
and improved stability can be obtained, leading to an improved stability of TNTs.  
 
Figure 4 Schematic representation of changes in nanotube and electrolyte characteristics 
for fresh and aged electrolyte anodization. Reproduced with permission from [51], © 
American Chemical Society 2015. 
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2.4 Sterilization without Compromising Stability 
Prior to cell studies and implantations in vivo, it is crucial to sterilize implants, without 
compromising the biocompatibility, surface chemistry and mechanical stability. However, 
studies have suggested that the inconsistent biological performances, especially for the 
similar range of nanotube dimensions, may be due to varied sterilization procedures 
utilized, without appropriate investigation of the related changes to the implant surfaces 
[23]. Furthermore, most studies investigating TNTs modified implant applications, do not 
detail the sterilization methodology. Recently, few studies have aimed to elucidate the 
relationship between effective sterilization and biocompatibility [54-56]. Moreover, it is 
well accepted that any seemingly small change on the surface of implants may influence 
cellular behaviour, thereby optimizing and investigating the various techniques used for 
sterilization is crucial. Table 1 summarizes the pros and cons of various sterilization 
methods with respect to effective cleaning of TNTs-modified implants.  
In a pioneering study, Zhao et al. reported that ultraviolent (UV) and ethanol treatment 
enhanced the wettability of TNTs, compared to autoclaving, whereas UV irradiation 
induced the best in vitro primary rat calvarial osteoblasts responses (owing to effective 
removal of surface contaminants, especially hydrocarbons) [54]. Later Kummer et al. 
compared the role of sterilization on bacterial growth on various implant surfaces, including 
flat Ti and TNTs [55]. Autoclaving resulted in the highest amount of S. aureus and S. 
epidermidis growing on implant surfaces compared to UV and ethanol treatment. This was 
ascribed to the incorporated hydrophobic carbon impurities onto the samples, which may 
alter surface chemistry and hence bioactivity. Moreover, it was reported that smaller 
diameter (20 nm) of TNTs and heat treatment induce subtle changes in surface chemistry, 
roughness, wettability and crystallization, that contribute towards antibacterial efficacy 
[55]. Furthermore, Oh et al. found that the air entrapment into nanotubes during dry 
autoclaving dramatically increased the in vitro osteogenic functionality of MC3T3-E1 
mouse osteoblasts after 24 h incubation [56].  
Considering that high temperature and pressure treatments such as autoclaving may 
compromise the stability of TNTs, more investigations are needed in this regard to ensure 
the maintenance of nanotube stability. Recently, Junkar et al. reported surface morphology 
alterations of TNTs sterilized by autoclave, UV irradiation, and H2O2/O2 plasma 
techniques. Significant changes were observed after autoclaving, whereby TNTs structures 
(15, 50, 100 nm in diameter) were damaged to some extent at both the top and bottom. 
Severe destruction was observed on smaller diameter TNTs, where the open mouth of TNT 
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collapsed while the bottom delaminated. However, the different sterilization methods did 
not influence the wettability of freshly prepared and sterilized TNTs [57]. Interestingly, in 
this study only freshly fabricated TNTs were used, as it was reported that ageing turns 
TNTs more hydrophobic within three weeks [58]. Furthermore, UV sterilization, suggested 
to be the most favourable sterilization technique, also represents a minimally invasive 
technique with respect to nanotube stability.  
It is worth noting that high temperature/pressure in the presence of moisture, such as 
inside the steam autoclaving setup, may induce TNTs crystallization [59]. In this context, 
Yu et al. investigated the mechanism of TiO2 phase transition  by comparing crystallization 
and morphology changes, using various sterilization treatments including: calcination 
(annealing at 450°C in air for 3 h), vapor-thermal (autoclaving at 180°C without direct 
contact of TNTs and water), and hydrothermal (autoclaving at 180°C in wet environment). 
It was shown that water can act as a phase transformation catalyst to facilitate the 
crystallization process, which is schematically described in Fig. 5(A) [59]. The water 
catalysed crystallization reaction tends to first occur at the interface of TNTs and the Ti 
implant due to the lowest activation energy of interface nucleation [60]. At the same time, 
titania in the tubular wall remains amorphous, which has higher solubility and surface 
energy compared to the anatase titania at the bottom. As the hydrothermal time increases, 
the size of anatase crystallites at the interface grows and amorphous titania are rapidly 
dissolved, which leads to the eventual destruction of nanotube structures and formation of 
aggregated anatase nanoparticles [61]. The aforementioned mechanism is further 
confirmed by the TEM images of TNTs treated by hydrothermal treatment [Fig. 5(B)]. On 
the contrary, calcination and vapor-thermal treatments induced a different crystallization 
mechanism without damaging the TNTs. However, slight deformation is occasionally 
observed at the top of TNTs sterilized by UV irradiation or plasma sputtering, which can 
etch the TNTs and modify the surface activity [57, 62, 63]. However, their influence on 
mechanical stability of TNTs is not well understood. Further advancements in this domain 
can be realised by varying the experimental parameters such as the wavelength, irradiation 
time, and intensity for UV treatment, and pressure, gas composition and flow rate for 
plasma treatment, which needs to be optimized for improved and reproducible outcomes. 
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Figure 5 Effect of autoclaving on crystallization of nanotubes: (A) scheme showing 
transformation of amorphous nanotubes to anatase, and (B) TEM images showing the 
morphology evolution of  TNTs hydrothermally treated at 180 °C for (a) 0 min, (b) 15 min, 
(c) 30 min, and (d) 2 h. Reproduced with permission from [59], © American Chemical 
Society 2010. 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
16 
 
Table 1 Methodology and research gaps of commonly used sterilization methods for titania 
nanotube (TNT) modified implants. 
Sterilization 
Technique 
Methodology Research gaps Ref 
Autoclaving High temperature/pressure 
treatment, in presence of 
adequate moisture (wet) or 
in the absence of moisture 
(dry) 
 Deposition of hydrophobic 
contaminants 
 Destruction of TNTs by 
wet autoclaving 
 Effects of air entrapment in 
dry autoclaving 
[56, 
57, 
64] 
Ethanol 
Immersion 
Immersion in absolute or 
70% ethanol 
 Potential contamination (if 
ethanol is not removed) 
 Compromising stability of 
TNTs upon quick drying 
[54, 
55] 
UV Irradiation UV induced sterilization 
based on decomposing 
contaminants, which may be 
enhanced by photocatalytic 
activity of TiO2. 
Parameters unexplored: 
amplitude, wavelength, 
irradiation time, intensity 
[54, 
65] 
Plasma Treatment Sputtering plasma to 
decontaminate 
Precise optimization of plasma 
conditions (pressure, gas 
composition and flow rate etc.) 
[62, 
63] 
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2.5 Influence of Underlying Titanium Substrate Topography 
The geometry, topography and chemistry of the target Ti metal substrate can influence the 
characteristics, including the mechanical stability of the fabricated TNTs film [51]. For 
instance, Ti surface pretreatments (polishing/pre-anodizing in fluoride-free electrolyte) 
have been utilized to alter the formation of nanotubular or nanoporous morphologies, 
whereby in such systems, fabrication of nanopores is favored on the polished Ti surfaces 
[66]. With progress in EA techniques, it has been recognized that polished Ti substrates 
yield an improved alignment of TNTs with reduced surface defects (weak spots or poor 
mechanical stability) [67]. To address this, various surface smoothening treatments 
including mechanical, chemical and electro-polishing have been applied to reduce Ti 
substrate roughness, and the resultant effect on the growth/morphology of TNTs has been 
investigated [68]. As reported by Smith et al., chemical polishing (immersion in 
HF/HNO3/H2O mixture) smoothened the surface, however resulted in unavoidable micro-
scale defects [69]. Both mechanical polishing (grinding by abrasive papers) and electro-
polishing (anodizing in perchloric acid electrolyte) of Ti resulted in a desirable smoothness 
for anodization, while the electro-polished sample had the lowest roughness [68, 70].  
Furthermore, chemical pitting by F- from the electrolyte takes place at the oxide 
layer, which is formed at the very beginning of the EA process. This F- attack is most prone 
to occur at the defect sites because of the relative higher electrolyte distribution. By the 
direction of pitting holes, nanopores are generated unevenly on the rough as-received 
surfaces, which are followed by self-ordering of nanotubes underneath, and meanwhile, the 
porous layer is gradually dissolved [71]. By contrast, on the as-polished surfaces the 
nanopores are formed randomly and retained. As described by Shin et al., the electro-
polished smooth Ti surface was beneficial to the formation of a thin and uniform 
nanoporous layer, and highly ordered TNTs [72]. For mechanically polished Ti, Xing at al. 
found that the upper nanopores on the polished surface were rough and mainly aligned 
along the scratch lines [70]. The nanoporous top layer has relatively low solubility due to 
the contained anatase or rutile titania, which effectively acts as etching protection for the 
underlying nanotubes [66, 71]. In the absence of this porous layer, chemical dissolution 
takes place at the nanotube mouth leading to the formation of the disordered “nanograss” 
structure as the reaction time continues, which is mechanically unstable when removed out 
of the electrolyte, often leading to the tubes clumped as bundles (compromised stability) 
[73]. When these two structures are subjected to external compression forces 
(nanoindentation), the nanopores are more stable than nanotubes, as they are connected 
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with the surrounding pores, which enables sharing/distribution of the applied force, while 
the individual nanotubes are successively fractured due to the absence of mechanical 
interactions [74]. Interestingly, these more mechanically robust nanoporous structures have 
not as yet been applied towards enhancing the bioactivity of Ti based implants. 
With the progress in EA, a more commonly used two-step anodization approach 
was developed for fabricating highly ordered TNTs arrays [75]. The ﬁrst-step anodization 
provides well-ordered hexagonal imprints by removing the as-formed TNTs, which serve 
as the template for the growth of TNTs in the second-step in order to generate hierarchical 
top-porous/bottom-tubular titania nanostructures [70]. The novel two-step Ti anodization 
notably outperformed the conventional one-step anodization due to the greatly improved 
size uniformity and alignment of TNTs, which has been reported to have enhanced photo-
electrochemical properties, while being rarely investigated in the biomaterial domain [76, 
77]. The two-step anodized TNTs are closely packed with surrounding tubes and covered 
with a smooth nanopore array, and as a result the mechanical stability may be improved. 
Besides, repeated anodizations of a Ti substrate may totally eliminate the need to perform 
surface smoothening in the first place, however this hypothesis remains unexplored. 
 
3. Strategies to Augment Mechanical Stability of TNTs 
Long-term mechanical stability of the biomaterial coating is crucial for the life-long success 
of bone/dental implants. Mechanical properties, including hardness, elastic behaviour and 
adherence strength, are particularly important and must be investigated for all implant 
surface modifications. Implant coating delamination/deformation may occur during 
surgical placement or upon post-implantation loading. Indeed, following implantation, 
material destruction or bone resorption may take place when there is a mismatch in the 
mechanical properties of the bone and the implant. For instance, the elastic modulus of 
human cortical and trabecular lamellar bone is 13.5-25.8GPa, which is above many of the 
reported modulus values of commonly used biomaterials and their surface modifications 
[78]. Notably, as-anodized TNTs can easily be peeled off by mechanical bending [31, 94], 
and hence it is crucial to augment their mechanical properties. Table 2 summarizes the 
modified anodization conditions and physical/chemical treatments post-fabrication utilized 
to augment the mechanical stability of TNTs, and these will be examined in detail in the 
remainder of the review. Furthermore, the mechanical stability of the TNTs can be assessed 
using a variety of methods, and these are also outlined in Table 2. Among these, the nano-
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indentation technique is appropriate for testing mechanical properties, including the elastic 
modulus and hardness of TNTs modified Ti implants, due to the low load (1mN) and small 
displacement (1nm) employed in this method [79]. In addition, axial fatigue, tensile, scratch 
and wear testing are also utilized to measure the adhesion strength of TNTs to the substrate 
[31, 46, 84, 85, 87, 88, 95, 96].  
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Table 2 Overview of techniques used to enhance the mechanical stability of titania nanotubes 
(TNTs). (EG: ethylene glycol) 
Treatment 
Type 
Treatment 
Methodology 
[Anodization 
Electrolyte] 
Mechanical 
Testing 
Findings Ref. 
Standard 
Anodization 
 
20 V/15min, 2h  
[1M H2SO4+0.1M 
NaF+0.2M citric acid] 
Nano-
indentation 
Young’s modulus of TNTs was 36–
43 GPa. Thinner films (L15min=230-
250nm) had higher values but 
delaminated. 
[80] 
 20 V/15min, 4h  
[1M H2SO4+0.1M 
NaF+0.2M citric acid] 
Nano-
indentation, 
interfacial 
force 
microscopy 
Young’s modulus of TNTs was 
around 4 -8 GPa, with minimal 
effect from Ti substrate. 
[81] 
 30V/30, 60, 120, 
240min  
[Glycerol+0.5%NH4] 
Tensile pull-
off adhesion 
strength 
Adhesion strength of TNTs < 
4.5MPa. Electrolyte agitation 
contributed to poor adhesion. 
[31] 
 5,10,15V/180min, 
20V/200min 
[H2SO4+0.15%HF] 
Nano-
indentation 
Fracture strength for TNTs (55–110 
nm diameter) was around 3 GPa, 
and 5GPa for 30 nm diameter. 
[74] 
 30V/48h 
[Glycerol+0.25%NH4
F+20% water] 
In situ TEM, 
nano-
indentation  
Young’s modulus values of 
individual TNTs (8-10 m length) 
was 2.2–9.4 GPa, thinner films had 
higher values. 
[82] 
60V/48h,  
[EG+0.25%NH4F+2% 
water] 
Nano-
indentation, 
SEM 
Young’s modulus and hardness of 
TNTs were 5.1 GPa and 93.8 MPa. 
Deformation of TNTs occurred via 
densification and discrete brittle 
fracture. 
[83] 
 20V/1h, without 
stirring 
[(NH4)2SO4+0.5%NH
4F] 
Axial fatigue 
test, SEM 
Ti alloys’ fatigue response 
unaffected by anodization. TNTs 
remain crack-free after testing.   
[84] 
Altered 
Anodization 
 
58 V/15min, 17h, 17h 
aged electrolyte 
[EG+0.3%NH4F+1.0–
12.0 % water] 
SEM Moderate water content (3%) and 
previously used electrolyte can 
improve adhesion/stability between 
TNTs and the Ti substrate. 
 
[42] 
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 60-120V/10-180 min, 
aged (fresh to >30h) 
electrolyte  
[EG+0.3%NH4F+1.0–
3.0 % water] 
SEM Aging of electrolyte (~10 h) led to 
better stability of the TNTs film. 1% 
water at 75V/10−40min generated 
well-adherent and mechanically 
robust TNT films. 
[51] 
1st Anodization step in  
NANOTI AN I 
Electrolyte, at 
20V/180 s, and  2nd 
Anodization step 
NANOTIAN II at 
15V/60s.(NANOTI 
Ltd., UK) 
Scratch 
resistance 
test , screw 
test (solid 
rigid 
polyurethane 
foam blocks) 
2-step anodization grew nano-pitted 
anodic films to improve mechanical 
integrity and tensile strength 
compared with nanotubular films 
(anodized in 0.6 wt% NH4F +3 wt% 
H2O+C2H4(OH)2 at 80V/15min). 
[85] 
Anodization 
of Coated or 
Modified 
Titanium 
Ti sputtered Alumina 
plate was anodized at 
20V/75min, annealed 
at 450 °C and 650 °C 
in N2 atmosphere.  
[EG+0.5%NH4F+25% 
water] 
Nano-
indentation 
Young’s modulus (42.8~117.5 GPa) 
and hardness (1.9~2.8 GPa) of TNTs 
increased with annealing 
temperature. 
[86] 
 Sputter deposition of 
Ti on stainless steel 
304 substrates, 
anodized at 
25V/60min, annealed 
at 280 °C, 430 °C and 
620 °C in N2 furnace.  
[EG+0.5%NH4F+25% 
water] 
Nano-
indentation, 
micro-
scratch test 
 
Young’s modulus (55.1~138.42 
GPa), hardness (1.753~3.426 GPa) 
and adhesion strength of TNTs 
increased with annealing 
temperature due to the phase 
transformation. 
[87] 
Segmented 
polyurethane coated 
on Ti, anodized at 
20V/20-300min. 
[H3PO4+0.5%NaF] 
Tensile test TNTs attained higher adhesive 
strength (~20Mpa) when anodized 
for <60min. 
[88] 
Physical 
Modification 
and 
Annealing 
Anodizing at 60V/40h, 
and annealing at 
450°C/3h [Dimethyl 
sulfoxide +2%HF]. 
Direct force 
measurement
s (AFM 
TEM holder 
equipped 
with a 
MEMS force 
sensor) 
Young’s modulus was 23 GPa and 
44 GPa for thin-wall (external 
diameters of`~75, internal diameters 
of ~65nm) and thick-wall TNTs 
(external diameters of` ~110 nm, 
internal diameters of ~80 nm). 
[89] 
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 Anodizing at 
30V/90min, and   
annealing at 300, 440, 
500°C/2h. 
[Glycerol+0.25%NH4
F+20% water] 
Nano-
indentation
， Vickers 
hardness test 
Phase transformation of TNTs yields 
enhanced Young’s modulus and 
hardness.  
[90] 
 Anodizing at 30V/2h, 
and annealing at 
500°C/5 h and 10 h.   
[Glycerol+0.5%NH4F
+20% water] 
Rockwell C 
indentation 
(according to 
the VDI 
3198 
standard), 
EDS, XPS 
More Ti-O bonds were formed in the 
oxide/metal interface with 
increasing annealing time, 
improving adhesion of the TNT 
layers. Thinner TNT film presented 
better adhesion quality. 
[91] 
Anodizing at 20V/1h, 
and annealing at 325, 
450, 600°C/2h. [Citric 
acid+0.5%NaF] 
Nano-
indentation 
TNTs transformed from amorphous 
to anatase/rutile with increased 
annealing temperature, improving 
Young’s modulus and hardness. 
[92] 
 Nb sputtered Ti67 
alloy was anodized at 
20V/240min, and    
annealing at 
440°C/30min. 
[EG+0.5%NH4F+5%
H2O] 
Vickers 
hardness,  
wear test 
Mixed oxide nanotubes (TiO2–
Nb2O5– Al2O3) were fabricated by a 
multi-objective PSO algorithm 
optimized anodizing technique, and 
showed superior hardness and 
tribological features  
[93] 
 Laser micro-patterned 
titanium, anodized at 
60V/2h.  
[EG+0.5%NH4F+5%
HF] 
Chemical 
peel-off test 
(HgCl2, HCl) 
Micro-patterning required longer 
reaction time and higher chemical 
concentration to peel-off TNTs. 
Enhanced mechanical adhesion 
between TNTs and substrates and 
long-term stability. 
[94] 
Chemical 
Modification 
 
Anodizing at 20V/2h, 
annealing at 
450°C/2h, and thermal 
treatment in acetylene 
at 900°C/10min. 
[Glycerol+0.27M 
NH4F+50% water] 
Nano-
indentation, 
shear Tensile, 
friction test 
TNTs became semi-metallic via 
incorporation of Carbon. Hardness, 
tensile strength and friction 
behavior improved. 
[95] 
 2nd stage anodization 
with addition of 
magnesium acetate 
(0.04, 0.048, 0.06, 
0.072, 0.088, 0.1 and 
0.16 M) at 60-
140V/60 min and 
80V/30-120min. 
[EG+0.08M 
NH4F+2%H2O] 
Scratch test Critical load (indicating adhesion 
strength of TNTs) increased from 
3.2N to 17.5N for 0.06 M Mg2+ at 
80V/70min.  
[46] 
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 HA electrodeposited 
on anodized 
(20V/45min) TNTs. 
Annealing at 450°C, 
600°C/30min in argon 
gas. 
[0.5M H3PO4+0.12M 
NaF at 20V/0.5h] 
Tensile test Heat treatment improved bond 
strength of HA electrodeposited 
TNTs from 16-21MPa to around 
44MPa with temperature increase. 
[96] 
Deposition 
on 
Fabricated 
Nanotubes 
Coating TNT films 
with Al2O3 layers (1, 
10 and 42 nm) by 
atomic layer 
deposition, annealing 
at 870°C/1 h. 
[15h aged EG 0.176M 
NH4F+1.5%H2O at 
60V/4h] 
Nano-
indentation 
Annealing and Al2O3 layers 
enhanced the mechanical properties 
of TNTs. Increased hardness 
occurred with increasing thickness 
of the Al2O3 layers. 
[97] 
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3.1 Modified Anodization Parameters 
In a pioneering study, Crawford et al. [80] investigated the mechanical behaviour of TNTs 
using the nano-indentation technique and reported that the elastic modulus (E) of TNTs 
was in the range of 36–43 GPa, which was similar to another study conducted by Shokuhfar 
et al. (23-44 GPa) [89]. However, the nanotubes became densified under the indenter during 
loading, and the measured E values were actually higher than the intrinsic value of the 
porous TNT film [80, 83]. Thus, researchers used the nano-indentation technique equipped 
with in situ transmission electron microscope (TEM) and interfacial force microscopy (IFM) 
to precisely control the indentor displacement, and reported much lower E values (2.2–9.4 
GPa) of the individual TNT [81, 82]. The elastic behaviour is also dependant on the 
nanotube geometry/dimensions: TNTs with smaller length and thicker walls tend to get 
higher E values [74, 82, 89]. In contrast, hardness varies greatly in the range from 93.8MPa 
[83] to 3.5GPa [95, 98, 99] for different titania-based nanostructured materials. In the case 
of TNT films and their adhesive strength, the hardness has been reported to be less than 
4.5MPa [31], which is less than the stipulated criterion of at least 18MPa for biomaterial 
coatings [96]. However, Hieda et al. reported a higher adhesive strength (20MPa) by 
limiting the anodization time to 1h. A longer anodization time has been postulated to 
decrease the strength by dissolving the nanotube walls [88]. However, the fabrication 
conditions of the tested TNTs varies in terms of anodization electrolyte and parameters 
(time/voltage), and hence the mechanical properties cannot be directly compared (Table 2). 
Zhu et al [42] and Gulati et al [51] undertook systematic investigations on the optimization 
of anodization parameters especially by controlling the water content and the age of 
electrolyte, respectively. Mechanically stable and firmly adherent TNTs were obtained both 
on flat and curved Ti surfaces by anodizing in low water content (1%-3%) and 
appropriately aged organic electrolytes (see section 2.3). More recently, a novel nano-pitted 
(NP) titania structure was proposed by Weszl et al. for improving the mechanical integrity 
and corrosion resistance over the conventional nanotubular structure, which occurs 
possibly due to less fluorine dopants in NP anodic film [85]. Moreover, sputtering Ti on 
other commonly utilized materials, for instance alumina and stainless steel 304, and 
anodizing the sputtered layer is considered to be a promising approach for increasing the 
corrosion and wear resistance of the virgin materials, while enhancing the elasticity, 
stiffness and adhesive strength of TNTs [86, 87]. 
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3.2 Physical Treatment 
It is well accepted that the as-prepared amorphous titania crystallize into anatase when the 
annealing temperature is increased to above 280°C and further transfer to a rutile phase at 
500-600°C. During crystallization, the TiO6 octahedra are rearranged, yielding an 
improved mechanically stable structure without influencing the structural morphology [59]. 
Titania in the rutile phase is more mechanically robust than anatase, as its octahedra shares 
four edges instead of four corners in the anatase octahedra [97]. Hence, there is increasing 
interest in annealing the amorphous TNTs in order to enhance the elastic modulus, hardness 
and adhesive strength [89-93]. In a pioneering study, Wang et al. reported significantly 
enhanced stability of micro-patterned TNTs, which were fabricated by laser micro-
machining the Ti surface followed by EA [94]. The laser pre-treatment enhanced the TNT 
adhesive strength to the substrate during external solvent attack, a finding that was ascribed 
to the expanded interfacial area [94].  
In addition, the deposition of an appropriate secondary material on the fabricated 
TNTs is another treatment aimed at improving the mechanical properties. Kar et al. coated 
TNTs with hydroxyapatite in order to enhance the bond strength, and subsequent annealing 
further improved this strength due to the improved crystallization of hydroxyapatite and 
inner diffusion of Ca and Ti ions at the oxide/metal interface [96]. Furthermore, pulsed 
electrodeposition allowed for a firm vertical growth of hydroxyapatite crystals inside the 
TNTs from the bottom to the top surface at low temperature. In a similar study, Zazpe et 
al. reported a substantial enhancement of hardness of the TNT layers by depositing Al2O3. 
The heat treated Al2O3-coated TNTs exhibited higher hardness with increasing coating 
thickness, which was attributed to more Al2O3 mass within the TNTs and increased content 
of rutile titania [97]. Undoubtedly, some of these modifications may alter the surface 
chemistry of the nano-engineered implant and thereby can influence cellular interactions, 
which is an issue that requires further exploration. 
 
3.3 Chemical Modification 
It is reported that the incorporated carbon in TNTs can act as a crystal phase transition 
inhibitor [100]. In this context, Patrik et al. reported significantly enhanced mechanical 
properties of carbo-thermally treated TNTs [95]. By converting conventional TNTs to 
semi-metallic oxycarbides (TiOxCy) and TiC, the increased number of carbide species 
yielded an overall enhanced mechanical stability of the TNT films. For instance, the 
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increased hardness of the TNTs was macroscopically identifiable when bending TNTs-Ti 
samples at 180o. The untreated TNTs showed a considerable number of cracks and even 
partial delamination near the bending line, whereas only a few isolated cracks were detected 
on the carbonized TNTs. The hardness value was further quantitatively analysed, and was 
shown to be greatly improved from 0.5GPa at 300°C to 2.5 GPa at 800°C (in the presence 
of acetylene). Furthermore, the tensile strength and friction behaviour were also improved 
by the thermal carbonization [95]. Importantly, apart from the enhanced wearability, TiC 
and its sub-oxides are also reported to be biocompatible [101].  
Zhang et al. reported an alternative modified anodization protocol involving the 
sedimentation of F- ions in the fluoride-rich layer by adding magnesium acetate at the later 
stage of the standard anodization process [46]. The resultant TNTs presented a compact 
fluoride-free amorphous titania layer at the interface of the nanotube bottoms and the Ti 
substrate without compromising the surface morphology. However, other parameters such 
as sedimentation voltage/time and (CH3COO)2Mg concentration can also influence the 
adhesion strength. Thus, a broad range of experiments were performed in this study to 
explore the most optimized parameters for the sedimentation process, including voltage 
(60-140 V), time (30-120 min) and Mg2+ concentration (0.04-0.16 M). Finally, the 
optimized process yielding the most significant improvement in the adhesion strength of 
TNT arrays was identified as standard anodization performed at 60V for 60min (electrolyte: 
EG + 2% H2O + 0.08 M NH4F) followed by an additional anodization at 80V for 70min by 
the addition of 0.06 M Mg2+ to the former electrolyte [46].  
 
4. TNTs Stability inside the Bone Micro-Environment  
In addition to the considerable volume of literature that has reported on the laboratory 
testing of key mechanical properties of TNTs,  several ex vivo and in vivo studies have also 
been conducted to investigate the ability of TNTs to withstand the forces experienced upon 
insertion into bone, as well as following post-implantation loading (Table 3). 
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Table 3 Overview of mechanical testing of titania nanotubes (TNTs) post-implantation in 
animal tissues ex vivo and in vivo. (EG: ethylene glycol) 
 
 
 
Implant 
Placement 
Anodization 
Conditions 
 
Nanotube 
Dimensions 
Treatment 
Post 
Fabrication 
Implantation Mechanical Test and 
Findings Post Implant 
Retrieval 
Ref. 
Ex vivo (i) 1% HF in DI 
water, at 20 
V/45 min, 
(ii) EG [1% HF, 
0.5% NH4F, 
10% water], at 
40V/1h.   
Li = 300 nm 
Lii= 950 nm 
D = 100 nm 
Electrodeposit
ion of nano-
particulate Ag 
Equine cadaver bone 
ex vivo (14 days) 
SEM imaging: 
no significant 
delamination/damage for 
TNTs. Ag-TNTs did not 
compromise adhesion to Ti. 
[102] 
EG [2.5% water, 
0.1M NH4F] with 1.5 
M lactic acid, at 
60V/20min. 
L = 17 µm 
D = 70 nm 
Loading of 
Rhodamine B 
via immersion 
Bovine trabecular 
bone cores ex vivo 
using ZetOS 
bioreactor (11 days) 
SEM imaging:  
no delamination/damage. 
[104] 
EG [1.0% water, 
0.3% NH4F], at 
75V/120min. 
L = 32 µm 
D = 90 nm 
Loading of  
parathyroid 
hormone via 
immersion 
Bovine trabecular 
bone cores ex vivo 
using ZetOS 
bioreactor (5 days) 
SEM imaging: 
TNTs retained integrity 
without 
deformities/delamination. 
[105] 
 EG [1.0% water, 
0.3% NH4F], 
75V/120min. 
L = 9 µm 
D = 50 nm 
TRAIL (TNF-
related 
apoptosis-
inducing 
ligand) loaded 
TNTs 
 
3D matrigel plug ex 
vivo (24h) 
SEM imaging: 
TNTs arrays presented no loss 
of surface integrity during 3D 
culture with matrigel. 
[107] 
In vivo H3PO4 with 0.3% 
HF, at 5 V/1 h. 
 
L = 100 nm 
D = 30 nm 
Sterilized 
using γ-
radiation 
Frontal skull of 
domestic pigs in vivo 
(90 days) 
SEM imaging: 
Shearing forces during 
implantation did not damage 
TNTs integrity 
[108] 
EG [1.0% water] 
with 0.3% NH4F, at 
75V/120min. 
L = 9 µm 
D = 50 nm 
TRAIL loaded 
TNTs for anti-
cancer therapy 
in vivo 
Subcutaneous tumor 
of nude BALB/C 
mice in vivo (6 days) 
SEM imaging: 
TNTs were intact after 
removal from tumor. 
[107]  
 0.3% HF aqueous 
electrolyte, at 
20V/30min. 
L = 250 nm 
D = 100 nm 
Annealing at 
~550°C and  
autoclaving 
for 121°C  for 
30 min 
Rabbit tibia in vivo (4 
weeks) 
Tensile testing: 
Interface of TNTs to Ti was 
not fractured by pull-out force. 
[109] 
 Commercial self-
drilling anodic oxide 
Ti miniscrew (1.5 
mm diameter; 7 mm 
length) 
_ _ Mandible of beagle 
dogs with an 
immediately applied 
orthodontic force of 
250g after insertion 
for 12 weeks (in 
vivo). 
SEM and AFM imaging: 
Surface of the retrieved anodic 
oxidized mini-screws in the 
thread edges were changed by 
self-drilling insertion and 
initial loading, especially in 
the screw tip area. 
[110] 
2nd  anodization in 
EG with 0.5% NH4F, 
at 60V/15min. 
L = 5 µm 
D = 110 nm 
_ Legs of New Zealand 
white rabbits in vivo 
(8 weeks) 
Focused ion beam: 
TNTs on thread edges were 
damaged due to self-drilling, 
others were well maintained. 
[111] 
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4.1 Ex Vivo Implantation 
To study the insertion and survival of TNTs in bone, Shivaram et al. conducted a 
mechanical in vivo stability study using TNTs (lengths 300 and 950 nm) on Ti rods 
with/without silver deposition, by implanting into equine cadaver bone ex vivo [102]. The 
implantation procedure consisted of drilling a hole in the bone, followed by a hammered 
insertion process mimicking the clinical surgical procedure. The Ti rods were retrieved 14 
days later and observed under SEM. Both sets of TNTs (with/without silver) showed no 
sign of macroscopic damage or delamination. Furthermore, the implantation did not impact 
on the release profile of the antibacterial Ag ions from Ag-TNTs. The presented release 
profiles suggested that Ag was released in a sustained fashion below the toxic limit, and 
additional human fetal osteoblast culturing showed no cytotoxic effect from the use of Ag-
TNTs.  
It is worth noting that the bone recipient site post implant placement represents a 
complex micro-environment with a variety of interactions between different cell types, 
interstitial fluid, various serum proteins and the implant material itself which may influence 
the therapeutic effects of TNTs as well as their mechanical behaviour [103]. Thus a three-
dimensional (3D) bone reactor-ZetosTM system has been developed to explore the drug 
release and stability of nano-engineered Ti implants in bone ex-vivo [104, 105]. The 
ZetosTM bone bioreactor not only maintains bone viability for at least 3 weeks by 
continuously perfusing culture medium but can also exert physiologically relevant cyclic 
loading to evaluate the mechanical behaviour of the cultured samples (the latter remains 
unexplored for TNTs based implants) [106]. Rahman et al. used Rhodamine B (RhB) as a 
fluorescent model drug to load into the TNTs/Ti wires (fabricated in lactic acid-ethylene 
glycol electrolyte). RhB loaded implants were manually inserted into the trabecular bone 
cores with previously drilled holes and cultured for 11 days using the ZetosTM system with 
different bone micro-environments (with marrow removed, marrow intact and marrow + 
anticoagulant heparin). It was confirmed that the release profiles varied under different 
conditions, and the attachment between the bone core and TNTs was improved in the 
presence of marrow. However, the retrieved TNTs all retained their integrity without any 
observed deformation or delamination (Fig. 6) [104]. The mechanical stability of TNTs 
inside bone ex vivo using ZetosTM was also demonstrated by Gulati et al, where TNTs/Ti 
wires (conventional ethylene glycol electrolyte) with surface cracks (diameter 90 nm and 
length 32µm) were inserted into bovine trabecular bone cores ex vivo, and then cultured for 
5 days [105]. The examination of TNTs post retrieval confirmed the stability of the 
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nanotubes. Thus the ZetosTM bone bioreactor appears to be a promising way to bridge the 
gap between the in vitro and in vivo settings. In addition, Kaur et al. established a 3D cell 
culture method using a matrigel plug ex vivo, and demonstrated a significant anticancer 
effect of drug-loaded TNTs-Ti wires, while maintaining their surface integrity [107].  
 
Figure 6 Integration and mechanical stability of drug-loaded TNTs/Ti wire implants in various 
trabecular bone environments ex vivo: (a,e,i) cross-section photograph of implant inside bone 
core, (b,f,j) SEM images of implant inside the bone, (c,g,k) high-magnification SEM image 
indicating extent of integration, (d,h,i) top-view of the TNTs with intact morphology. Arrows 
indicate integration/attachment between the implant surface and bone core. Reproduced with 
permission from [104], © Wiley Periodicals, Inc 2015. 
 
4.2 In Vivo Implantation 
For easy translation of TNT implant technology to clinical applications, thorough in vivo 
testing is necessary to ensure the stability of the nanotubular structure in a load bearing 
dental/orthopaedic implant setting. In a pioneering study, von Wilmowsky et al. inserted 
anodized Ti rods into the frontal skull of domestic pigs in vivo and upon retrieval found 
that the nanotubes were intact on Ti implants for up to 90 days [108]. Pull-out testing was 
also utilized by Bjursten et al. to investigate the bond strength between rabbit tibia and Ti 
implants with heat-treated TNTs in vivo, compared with grit-blasted surfaces [109]. The 
results confirmed that the bonding strength was improved by approximately 9-fold, and a 
fracture force of up to 10.8N was inadequate to compromise the adhesion strength between 
TNTs and Ti [109]. Ensuring the translation into dental implant market, screw shaped Ti 
implants were also used to evaluate the structural stability of TNT modifications during 
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self-drilling implantation and constant load-bearing conditions in the mandible of beagle 
dogs in vivo [110]. The smoothed thread edges (as measured by AFM) implied that TNTs 
may have been damaged either by the insertion shearing force or orthodontic tension. 
Obvious surface change was found at thread edge close to the tip as shown in Fig. 7, 
whereas deformation of the TNT arrays on the middle or bottom thread edges could not be 
confirmed by SEM images. Furthermore, two-step anodized TNTs on the mini-screws were 
also unavoidably damaged at the thread edges during the self-drilling process [111]. More 
recently, the mechanical stability of TNTs was also investigated in a cancer therapy model 
by Kaur et al [107]. Briefly, TNTs modified Ti wires as carriers of an anti-cancer agent 
(TNF-related apoptosis-inducing ligand: TRAIL) were inserted into mice tumour sites in 
vivo and were retrieved after 6 days. The TNTs demonstrated effective local anti-cancer 
therapy and successfully maintained their structural integrity [107].  
To summarize, the available literature provides some proof of the mechanical stability 
of TNT/Ti based bone/dental implants, but there has been limited emphasis on investigating 
the Ti screws design or quantitative analysis of mechanical properties in the in vivo setting. 
Such implants are expected to perform in more challenging situations, such as functional 
mastication and orthopaedic loading environments (joint replacements and fracture 
corrections) in the presence of physiological fluids, and hence long-term in vivo testing in 
clinically relevant conditions are needed to bridge the gap between the laboratory and the 
clinic, towards designing the next generation of orthopaedic/dental implants.  
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Figure 7. SEM images of retrieved Ti mini-screws from the dog mandible in vivo: (a) 
machined mini-screw as control; (b) thread edge at the bottom; (c) thread edge in the middle 
of the screw; (d) thread edge at the tip area; (e) anodized mini-screw; (f) thread edge at the 
bottom with tubulure structures; (g) thread edge in the middle of the screw, TNTs 
undamaged; (h) thread edge close to the tip of the anodized mini-screw, TNTs were 
destroyed by self-drilling insertion and initial loading. Reproduced with permission from 
[110], © The E. H. Angle Education and Research Foundation 2017. 
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5. Conclusions and future perspectives 
This review highlights the progress made in the domain of anodized titanium with titania 
nanotubes (TNTs) with enhanced mechanical performance to ensure long-term success in 
load bearing conditions, such as orthopaedic and dental implants, without the risk of 
mechanical failure. With the advancements in electrochemical anodization (EA), the 
fabrication of self-ordered TiO2 nanotubes/nanopores on the surface of titanium, lead to the 
popularity of these nanostructures with applications ranging from bioactive/drug-releasing 
implants to solar cells and catalysis. While most research encompassing TNTs focused on 
enhancing their applicability, an important criteria was often ignored. The sub-optimal 
mechanical stability of these structures could compromise the long-term functioning of 
these devices. Focused on orthopaedic and dental, this review discussed the need for stable 
nanotube coatings on titanium implant surfaces, which could survive the mechanical 
handling, implant placement surgery and the long-term survival in a constant load bearing 
bone/dental micro-environment. 
Towards optimizing the fabrication of TNTs, an understanding of the interface between 
TNTs and Ti is crucial. While numerous parameters needs to be tuned, we discussed the 
influence of electrolyte composition and electrolyte ageing, which are inter-related but 
remains underexplored. The concentration of water and fluoride ions in the electrolyte is 
vital towards deciding the growth rate and the formation of nanopores or nanotubes. In fact 
the repeated use of electrolyte to ‘prepare’ or ‘age’ the electrolyte, prior to anodizing target 
substrate, has shown promising outcomes with respect to achieving mechanically stable 
nanotubes, especially on the complex geometry of Ti implants. It is worth noting that with 
a handful of research reporting the influence of ageing the electrolyte, this field still remains 
underdeveloped. The balance between TiF complexes (increased) and water content 
(reduced) during this ageing in a moisture-controlled system, results in a highly optimized 
electrochemical system, with the resultant nanotubes formed with a thicker barrier layer, 
with relatively reduced growth rate, but with significantly enhanced mechanical properties.  
It has also been suggested that the discrepancies with respect to varied cellular functions 
for a similar range of TNTs may be due to the varied sterilization techniques used. Again 
representing a research gap, most publications use different strategies: ethanol, UV, 
autoclave and plasma. Among these, not only is the UV irradiation is the safest in terms of 
not compromising the stability of the nanotubes, but also enhanced the bone cell activity. 
Clearly the use of high temperature/pressure systems (autoclave) or use of liquids 
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(water/ethanol) may change the surface chemistry (contaminants) and the drying of the 
liquids may induce surface instabilities leading to defects/breakage.  
With respect to substrate preparation, a more commonly practised strategy is to polish 
titanium to remove surface defects, resulting in a smooth finish ready for anodization, 
which yields improved nanotube ordering and reduced defects. Such substrate pre-
treatment can be performed via mechanical, chemical or electro-polishing, which in turn 
can dictate the formation of pores or tubes. Besides, removing the anodized layer prior to 
re-anodizing (2-step EA) yields the best ordering, mainly due to the 2nd step on nano-
templated titanium. It will be interesting to see if multiple anodizations can eliminate the 
need of substrate polishing. Additionally, in-depth mechanical performances of nanopores 
and nanotubes need to be compared, simply because nanopores are structurally more robust 
than nanotubes (tend to bundle together and hence prone to fracture). Furthermore, it is 
worth noting that nanopores may reduce the drug loading abilities for the implant, as 
compared to nanotubes with significant inter-tube space. Another aspect with respect to 
nanotubes is the ‘give and take’ dependence between nanotube dimensions (directly co-
relating to drug loading amounts and initial burst release amounts) and the mechanical 
stability, as studies have shown that smaller diameter/length means improved stability.  
More recently advances have been made towards further augmenting the mechanics of 
TNTs based systems using various anodization modifications and other physical and 
chemical enhancements. Determined by nano-indentation, scratch and tensile tests and 
SEM, the most notable enhancements include Ti sputter coated on steel/alumina, annealing 
and the use of (CH3COO)2Mg to enable sedimentation of fluoride ions. While clearly the 
outcomes indicate increments to mechanical stability as compared to conventional ‘bare’ 
nanotubes, whether or not such modified TNTs retain the implant applicability remains 
doubtful. For instance, whether drug loading/releasing functions can be integrated, or if the 
chemistry or topography remains unchanged (which may alter cell functions), or if such 
modifications leach ions post-implantation, largely remains unaddressed. 
TNTs proposed for any application must be tested for stability concerns. For that matter, 
TNTs based implant modifications has been placed in the bone micro-environment, both in 
ex vivo and in vivo settings, to see if the nanotubes survives the mechanical handling, 
implantation surgery and the bone contact itself. While some success has been shown in 
this stability testing scenario, it has some limitations: most testing is short-term and no 
active load bearing conditions have been investigated post-implantation. To further 
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enhance this field of nano-engineered anodized implants it is crucial to study the mechanics 
at the bone-nanotube interface, such that it survives the micro-motion experienced during 
the bone growth and movement. Clearly, titania nanotubes are a promising orthopaedic and 
dental implant modification strategy with numerous studies establishing the enhanced 
bioactivity and therapeutic efficacy, however, to allow for easy integration into the current 
implant market, mechanical stability of these structures must be studied and enhanced to 
enable long-term success inside the compromised bone micro-environment. 
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Highlights 
 
 Titania nanotubes (TNTs) modified implants enable enhanced bioactivity and 
local drug delivery. 
 The mechanical stability of TNTs at nanotube-titanium and nanotube-bone 
interface is crucial but remains under-explored. 
 We discuss the mechanical stability of TNTs/Ti implants towards achieving 
desirable performances, without the risk of delamination or damage. 
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